The individual repeats, R2 and R3, of the minimum specific DNA-binding domain (R2R3) of c-Myb have very similar structures, with a helix-turn-helix variation motif, although their sequence identity in the tandem repeats is only 31%. From previous mutational and structural studies, the third helices in both repeats were shown to directly recognize the specific base sequence, PyAAC G / T G. In order to elucidate the reason for the imperfection of the tandem repeats at amino acid positions other than the recognition helices, a series of R2R3 mutants was generated by swapping the helices and the N-terminus in R2 to those in R3. Consequently, the sequence composing the first helix of R2 was found to be essential for specific DNA-binding, in addition to the third recognition helix of R2. Further mutational studies revealed that the only indispensable residues in the first helix are Val103 and Val107, which are involved in the hydrophobic core of R2. These residues do not directly interact with the DNA, but they contribute to the correct formation of helix 1 and the characteristic packing of R2, which is slightly different from that of R3, and are required for specific base recognition through strong cooperativity with R3.
Introduction
Nature frequently uses tandem repeats of functional modules in a protein to attain accurate molecular recognition (Bork et al., 1996) . Indeed, transcription factors involved in specific DNA-binding often have tandem repeats of structural and functional modules, such as zinc fingers (Pavletich and Pabo, 1991, 1993) and the compact three helical structure represented by the homeodomain (Klemm et al., 1994; Ogata et al., 1994; Xu et al., 1995; König et al., 1996) . In most cases, more than one repeat binds DNA simultaneously, with large binding constants from 10 9 to 10 12 M -1 , while the affinity to DNA of a single repeat is as weak as the non-specific binding due to electrostatic attraction.
Once this cooperative mechanism in the tandem repeats is understood, it is possible to create an artificial molecule, which recognizes a novel base sequence, by fusion of the different DNA-binding modules. In fact, Pomerantz et al. (1995) succeeded in producing a new transcription factor by fusing two zinc fingers and a homeodomain. Recently, Kim et al. (1997) fused a TATA box-binding protein with three zinc fingers, yielding a site-specific repressor.
However, a direct interaction between the individual repeats has not been observed, except for the DNA-binding domain (DBD) of the c-myb protooncogene product (c-Myb). The linkers between the two repeat structures are usually long and flexible, such as between the POU-specific domain and the POU-homeodomain (Klemm et al., 1994) , between the N-and C-terminal domains of the prd paired domain (Xu et al., 1995) , and within the DBD of yeast RAP-1 (König et al., 1996) . In contrast, the linker within the c-Myb DBD is so short that strong cooperativity between the adjacent repeats was expected (Ogata et al., 1994) .
c-Myb is a transcriptional activator that binds with a dissociation constant of about 10 -9 M to the specific DNA sequence PyAAC G / T G, where Py indicates a pyrimidine (Biedenkapp et al., 1988; Weston, 1992; Tanikawa et al., 1993) . The DBD consists of three imperfect 51 or 52 residue repeats (designated R1, R2 and R3 from the N-terminus) (Gonda et al., 1985; Klempnauer et al., 1987) . Analysis of deletion mutants has indicated that the last two repeats, R2 and R3, are the minimum unit for specific DNA binding (Sakura et al., 1989) . The solution structures of the specific DNA complex of the minimum DBD (R2R3) and its free form were determined by multidimensional NMR techniques (Ogata et al., 1992 (Ogata et al., , 1994 (Ogata et al., , 1995 . Both R2 and R3 are composed of three helices with a helix-turn-helix variation motif, and each third helix (helix 3) in R2 and R3 is engaged in direct and specific base recognition. The overall structures of these repeats are almost identical: the root mean square deviation (r.m.s.d.) of the backbone heavy atoms is only 0.81Ϯ0.11 Å between R2 and R3 in their free forms (Ogata et al., 1995) . Previous mutational studies (Saikumar et al., 1990; Frampton et al., 1991; Gabrielsen et al., 1991) indicated that the amino acid residues in recognition helix 3 and the three conserved tryptophans in each R2 and R3 have important roles in specific DNA-binding.
Thus, if the tandem sequence repeats are necessary for the overall backbone conformation of R2, and the imperfection within only the third helix is required for the characteristic recognition helix, then R2 can be engineered to be almost identical to R3, with only slight modifications for specific base recognition. Namely, the first helix (helix 1) or the second helix (helix 2) in R2 would be exchangeable with those helices in R3, respectively, because of their remarkably similar backbone structures.
However, the sequence identity between R2 and R3 is only 31%, and the amino acids composing each repeat are highly conserved among animal species, even for the residues in helix 1 and helix 2, which do not seem to be in direct contact with the DNA bases. This suggests that these conserved amino Fig. 1 . Strategy to introduce novel restriction enzyme cleavage sites in pRP23 for construction of the R2R3 mutant genes. Helices 1, 2 and 3 in R2 are abbreviated by h 1 , h 2 and h 3 , respectively, while those in R3 are H 1 , H 2 and H 3 , respectively. The NcoI and BamHI sites are located at the 5Ј-and 3Ј-end of the amplified R2R3 fragment, respectively. The HindIII site in R2 and the EcoRI site in R3 are within the original DNA sequence of c-myb. The ApaI site was introduced into the first turn (t 12 ) between h 1 and h 2 , and the SpeI site was introduced into the N-terminal region of R3. These mutations were engineered without affecting the amino acid sequence.
acids have some particular role in specific DNA-binding, although they are located far from the interface between R2R3 and the DNA.
Here we prepared a series of R2R3 mutants, in which the helices in R2 were replaced by the corresponding helices in R3, and examined the affinities for specific DNA-binding, monitoring the overall folds by CD spectra. In addition, more localized mutations were introduced to identify the indispensable residues in R2, which should be different from those in R3. The roles of the identified residues in specific DNA recognition are discussed.
Materials and methods

Plasmid construction and protein purification
A DNA fragment encompassing R2R3 (Leu90-Val193) in the c-Myb DBD was amplified by PCR, using pact-c-myb (Nishina et al., 1989) as the template and two synthetic primers, to generate an NcoI site and a BamHI site at the 5Ј-and 3Ј-end of the amplified fragment, respectively. After digestion with NcoI and BamHI, the DNA fragment was cloned into an expression vector, pAR2156NcoI_∆EH, in which the EcoRI and HindIII sites of pAR2156NcoI (Tanikawa et al., 1993) were deleted by site-directed mutagenesis, to yield the expression plasmid, pRP23. An additional Met-Glu-sequence was introduced at the N-terminus of R2R3 to generate an NcoI site. To replace a helix in R2 by the corresponding R3 sequence, the DNA fragment of R3 was amplified by PCR, using primers designed to allow the amplified DNA fragments to have suitable endonuclease restriction sites at both the 5Ј-and 3Ј-ends ( Figure 1) ; for example, the replacement of helix 1 of R2 was performed using the restriction sites NcoI and ApaI. To obtain the site specific mutants, the two-step PCR method (Higuchi, 1989) was used. Protein expression and purification were performed as described previously (Oda et al., 1997) . CD measurements CD spectra were measured at 20°C on Jasco J-600 and J-720 spectropolarimeter equipped with water-circulating cell holders. The spectra were obtained in 100 mM potassium phosphate buffer (pH 7.5) containing 20 mM KCl. The protein concentration was 0.1 mg/ml and 1.0 mg/ml for the far-and near-UV ranges, respectively. The optical path length was 0.2 cm for the far-UV range, and 0.5 cm for the near-UV range. Spectra for CD between 200 and 250 nm were obtained using a scanning speed of 20 nm/min, a time response of 1 s, a bandwidth of 1 nm, and an average over eight scans. For 1408 CD spectra between 250 and 320 nm, a scanning speed of 10 nm/min and a time response of 8 s were used. Thermal denaturation curves were determined by monitoring the CD value at 222 nm as the temperature was increased by 1.0°C per min. The temperature of the sample solution was directly measured by a thermistor (Takara, D641).
DNA binding assay
The 22mer oligonucleotide, CACCCTAACTGACACACATT-CT, which is the fragment of cognate DNA containing the Myb-binding site in the simian virus 40 enhancer sequence (MBS-I) (Nakagoshi et al., 1990) , and its base substituted mutant, CACCCTAACTAACACACATTCT ([G8A]MBS-I), which is the substrate for the non-specific binding of c-Myb (Tanikawa et al., 1993) , were prepared. The complementary strands were annealed and end-labeled with [γ-32 P]ATP (Amersham) using T4 polynucleotide kinase (Toyobo, Osaka). The labeled DNAs were purified by passage through spin columns (Pharmacia, HR-300). The binding of each R2R3 mutant to the DNA was assayed using a filter binding method, as described previously (Oda et al., 1997) . The efficiency of this assay has already been shown Takeda et al., 1989; Tanikawa et al., 1993) .
Results
Prior to the current mutational analyses, the Cys130 in R2, which is the only cysteine residue in the c-Myb R2R3 and is located at a position equivalent to an isoleucine in R3, was replaced with Ile, to facilitate the protein purification and the DNA-binding assay (Guehmann et al., 1992) . It has been shown that the affinity and the specificity of the C130I mutant are almost equal to those of the wild type (Myrset et al., 1993; Oda et al., 1997) .
The constructs and the observed dissociation constants of the current R2R3 mutant proteins to MBS-I are summarized in Table I , with the standard C130I mutant protein. The naming rules for each mutant protein are as follows: repeat R2 is divided into six regions: the N-terminus (n or N), the three helices (h 1 , h 2 and h 3 , or H 1 , H 2 and H 3 ), and the two turns between the first and the second helices (t 12 or T 12 ) and between the second and the third helices (t 23 or T 23 ). Here, residues 137 and 138 just after helix 3 are included in h 3 or H 3 for simplicity. When the sequence of each region is that of R2, small letters, n, h and t, are used. In contrast, when the sequence is that of R3, capital letters, N, H and T, are used. When further local mutations are introduced in the helices, italicized letters, h and H, are used with alphabetic designators after the helix number. In addition, a mutant with completely tandem repeats of R3 including the C-termini was also constructed with the linker composed of three residues, -Asn-ProGlu-. This mutant is separately named as R3-NPE-R3.
In Table I the precise amino acid sequence of each mutant is indicated, using red and blue one-letter amino acid codes, which correspond to the residues in R2 and in R3, respectively. The black one-letter codes are the amino acid residues conserved in both of the R2 and R3 repeats of the C130I standard.
The dissociation constants to the [G8A]MBS-I were also determined for all of the mutant proteins in Table I , and they were all above µM concentrations, except for R2(NH 1 T 12 -H 2 T 23 H 3 )R3, R2(nH 1 t 12 h 2 t 23 h 3 )R3 and R2(nH 1 t 12 H 2 t 23 h 3 )R3 (see below).
Group A mutations in R2
At first, we tried to make R2 as similar to R3 as possible. Unfortunately, when R2 was completely replaced with R3, Table I . Sequences of R2R3 mutant proteins and the dissociation constants for the 22mer MBS-I fragment a Red and blue one-letter amino acid codes are used, corresponding to the residues in R2 and in R3, respectively. The black oneletter codes are the amino acid residues conserved in both of the R2 and R3 repeats of the C130I standard. b The naming rules for each mutant protein are described in the text. Each red and blue colored helix or turn corresponds to that in R2 and R3, respectively. Green helices have farther local mutations. c I.B. indicates that the expressed mutant protein formed an inclusion body. d N.E. indicates that the mutant protein could not be expressed enough for observation of the K d value. except for the linker from Asn139 to Glu141, the expressed mutant protein, R2(NH 1 T 12 H 2 T 23 H 3 )R3, had poor solubility and formed inclusion bodies. The basic amino acids just after helix 3 of R3 may be required for the formation of the correct tertiary structure (Ogata et al., 1992) . Therefore, as a reference, we constructed the other mutant with completely tandem repeats, R3-NPE-R3. This peptide was soluble, and the far-UV CD spectrum indicated a typical α-helical structure, which is similar to that of the C130I standard mutant (Figure 2 ). The profile of R3-NPE-R3 spectrum is very similar to R3 alone, which was previously reported by Sarai et al. (1993) . However, the affinity to MBS-I was very low, with a dissociation constant on the micromolar scale. It had a similar low binding affinity to [G8A]MBS-I, suggesting that the binding was non-specific. The result agrees with the previous observation that R3 alone did not show any specific DNA-binding (Sakura et al., 1989) .
Next, when the helix 3 from the original R2 was used, the expressed peptide, R2(NH 1 T 12 H 2 T 23 h 3 )R3, was produced in the soluble fraction of Escherichia coli BL21, and it was purified using the same protocol as that for the wild type. The affinity to MBS-I was also very low, similar to that of R3-NPE-R3. The far-UV CD spectrum of the mutant protein, indicated in Figure 2 , is also similar to that of R3-NPE-R3, and the secondary structure was stable, at least below 30°C. In addition, slight modifications in the hydrophobic core of helix 3, h 3a and h 3b and restoration of the original turn of t 23 resulted in the same low affinities to MBS-I. As indicated in Figure 2 , R2(NH 1 T 12 H 2 T 23 h 3b )R3, whose all core residues are derived from R3, has the similar α-helical structure to that of R3-NPE-R3.
Therefore, all of the group A mutants bound to DNA only with affinities as low as those of non-specific binding, although the overall helical conformations were stable and similar to the C130I standard.
Group B mutations in R2
In order to investigate the residues in R2 that are necessary for specific DNA binding, we made a series of group B 1410 mutations by systematically exchanging the regions. Here, the N-terminus, the first helix and the second helix were individually or simultaneously replaced with the corresponding R3 sequences to generate ten R2R3 mutant proteins, as indicated in Table I Thus, the sequences in the N-terminus and helix 2 are exchangeable with those in R3, respectively. On the contrary, once helix 1 in R2 was replaced with the corresponding sequence H 1 or the slightly modified H 1a in R3, specific binding to the MBS-I was never recovered, irrespective of the other Nterminus or helix 2. The results clearly indicate that helix 1 of R2 plays an important role in specific DNA binding. Figure 3a shows the far-UV CD spectra of the C130I standard, R2(Nh 1 t 12 h 2 t 23 h 3 )R3, R2(nH 1a t 12 h 2 t 23 h 3 )R3, R2(nh 1 -t 12 H 2 t 23 h 3 )R3 and R2(nH 1a t 12 H 2 t 23 h 3 )R3, at 20°C. All of them show typical α-helical conformations. In R2(nH 1a t 12 h 2 t 23 h 3 )R3, the helical content seems to be slightly reduced, as well as R2(NH 1 t 12 h 2 t 23 h 3 )R3 in Figure 4a . However, the combination of H 1a and H 2 recovered it, as indicated in R2-(nH 1a t 12 H 2 t 23 h 3 )R3.
In addition, reversible thermal denaturation of the mutant proteins indicated in Figure 3a were observed by monitoring the CD value at 222 nm, and each fraction unfolded is plotted as a function of the temperature in Figure 3b . The melting temperature (T m ) at 50% fraction unfolded of each mutant protein is around 45-50°C, and the unfolding is as cooperative as that of the C130I standard except R2(nH 1a t 12 H 2 t 23 h 3 )R3. It is interesting that only the mutant proteins with the H 2 sequence have slightly lower T m values than that of C130I.
Thus, the reduced binding affinity with the H 1 or H 1a sequence is not due to an overall deformation of the mutant protein structures.
Group C mutations in R2
The above conclusion made in the group B mutations was also confirmed by introducing individual point mutations within helix 2 and the first turn in the group C mutations, while leaving all the other residues as those of R2. As long as helix 1 retained the original sequence in R2, the mutant proteins bound to the MBS-I in a specific manner, when each residue in helix 2 was exchanged individually with that in R3. Even when the turn between helix 1 and helix 2 was exchanged with that in R3, which is one residue shorter, the mutant protein with the h1 sequence had a high affinity to MBS-I, and the far-UV CD spectrum is very similar to that of the C130I standard (data not shown).
Group D mutations in R2
We made detailed investigations of helix 1 of R2, by producing a series of group D mutant proteins with modified helices from H 1b to H 1i , in addition to H 1a in the group B mutations. The helix 1 mutant proteins that have almost the same affinity to MBS-I as that of the C130I standard are H 1b , H 1c , H 1e , H 1f and H 1g (see Table I ). Among them, R2(NH 1g t 12 h 2 t 23 h 3 )R3 has only two amino acid residues, Val103 and Val107, originating from R2, with all the other residues in helix 1 replaced with those of R3. This high affinity should be compared with the low affinity of R2(NH 1 t 12 h 2 t 23 h 3 )R3 in the group B mutations.
1411
This highlights the fact that the two Val residues are indispensable for specific DNA-binding.
In contrast, when Val107 was replaced with the corresponding His in the group D mutations, the DNA affinities of the mutant proteins always decreased significantly. When Val103 was replaced with the corresponding Ile residue, the effect was not as striking as that with the replacement at position 107, but the DNA affinity also greatly decreased. The finding that Val103 and Val107 are essential residues for specific DNA-binding was also supported by the small K d values of R2(NH 1g t 12 H 2 t 23 h 3 )R3, in which half of the original sequence of R2 was exchanged with the corresponding sequence in R3. This specific affinity should be compared with the low affinity of R2(NH 1a t 12 H 2 t 23 h 3 )R3 in the group B mutations.
Figures 4a and b indicate the CD spectra of the mutant proteins, R2(NH 1g t 12 h 2 t 23 h 3 )R3, R2(NH 1h t 12 h 2 t 23 h 3 )R3 and R2(NH 1i t 12 h 2 t 23 h 3 )R3, with R2(NH 1 t 12 h 2 t 23 h 3 )R3 in the group B mutations and the C130I standard, at the far-and the near-UV regions, respectively. It is interesting that the introduction of Val107 always makes the CD spectrum similar to that of the C130I standard at both the far-and near-UV ranges.
Group E mutations in R2
The above finding was further examined by the group E mutations, in which a few amino acid residues in helix 1 in the standard C130I were locally replaced with the residues corresponding to those in R3. In fact, the introduction of Ile103 caused a distinct reduction in MBS-I binding, as indicated in Table I . However, the reduction in the DNA affinity by the introduction of His107 was not so remarkable as that by the introduction of Ile103.
Figures 5a and b indicate the CD spectra of the mutant proteins, R2(nh 1a t 12 h 2 t 23 h 3 )R3, R2(nh 1b t 12 h 2 t 23 h 3 )R3 and R2(nh 1c t 12 h 2 t 23 h 3 )R3, with the C130I standard, at the far-and the near-UV ranges, respectively. At the far-UV range, all three mutant proteins show almost identical CD spectra. However, at the near-UV range, the individual spectra differed slightly, and R2(nh 1c t 12 h 2 t 23 h 3 )R3 displayed the CD spectrum most similar to that of the C130I standard.
Discussion
The group A mutants did not exhibit DNA-binding as strong as either that of the C130I standard or the wild-type R2R3.
Therefore, an engineering strategy that simply fuses the repeats to engender new base recognition is not feasible for the cMyb DNA binding domain, although the strategy was successful with the zinc fingers and other DBDs (Pomerantz et al., 1995; Kim et al., 1997) . This is probably because the linker between the repeats is so short in the c-Myb DBD, that the cooperativity between R2 and R3 is too strong to be tailored. In fact, the unique features of the DNA-binding mode of cMyb are that the recognition helices of R2 and R3 are closely packed together, and that they directly contact each other to bind cooperatively to the specific base sequence (Ogata et al., 1994) . A recent mutational study indicated that the amino acid residues located at the linker between R2 and R3 of the cMyb DBD are also associated with specific recognition of DNA (Hegvold and Gabrielsen, 1996) .
In the group B and C mutations, which swapped the corresponding helices and turns between R2 and R3, it was clearly shown that the helix 1 sequence in R2 is nonexchangeable, in addition to the recognition helix 3, while the other N-terminus, turns and helix 2 are exchangeable into the corresponding sequences in R3. Every mutant protein forms the stable tertiary structure, which has a similar or a slightly reduced α-helical content to that of the C130I standard.
The mutant proteins, R2(NH 1h t 12 h 2 t 23 h 3 )R3 and R2(NH 1i t 12 h 2 t 23 h 3 )R3, which introduce Val at either position 103 or 107, recovered the DNA-binding to some extent. Moreover, the R2(NH 1g t 12 h 2 t 23 h 3 )R3 mutant, with Vals at positions 103 and 107, specifically bound to the cognate DNA as strongly as the wild type. These findings in the group D mutations indicate that only the two inner residues, Val103 and Val107 in the R2 helix 1, are indispensable for the specific binding of the MBS-I.
Previously, it was found that the replacement of Val103 with Leu reduced the binding affinity by one-third, although it stabilized the R2 structure significantly (Ogata et al., 1996) . It was then concluded that a cavity-filling mutation in R2 (Ogata et al., 1994) . The orange and blue lines indicate the backbones of R2 and R3, respectively. The MBS-I DNA fragment is indicated by thick white lines. The backbone heavy atoms of helix 3 in R3 of the MBS-I complexed structure (PDB code, 1MSE) were superimposed onto those in R2, and are shown by a green pipe model. The individual axes of helix 1 and 3 of R2 and the superimposed R3 were calculated following Barlow and Thornton (1988) reduced the specific DNA-binding, by hampering the reorientation of the R2 N-terminal region, especially of Trp95, upon DNA binding. In this study, a similar effect can explain the essential role of Val103 for DNA-binding, in both the group D and E mutations.
In addition, Val107 contributes to the specific binding of R2R3. The difference between the far-UV CD spectra of R2(NH 1h t 12 h 2 t 23 h 3 )R3 and R2(NH 1g t 12 h 2 t 23 h 3 )R3 in Figure 4a suggests that Val107 is necessary for the correct formation of helix 1. Moreover, the near-UV CD spectrum is remarkably affected by the amino acid at residue 107, as indicated in Figure 4b , suggesting that this residue switches the helix packing from the R2 type to that of the R3 type. The Val103 and Val107 residues probably function cooperatively to construct the characteristic core of R2.
The individual repeats, R2 and R3, have almost identical folds, with an entire backbone r.m.s.d. less than 1.3 Å, irrespective of the presence of MBS-I (Ogata et al., 1994 (Ogata et al., , 1995 . However, when the individual structures were analyzed more precisely, the angle between the axes of helix 1 and 3 in R2 was found to be slightly different from that in R3. In Figure 6 , the deviations in the helix axes can be seen, when the backbone heavy atoms of helix 3 of R3 in the minimized averaged structure of the MBS-I complexed form of R2R3 (Ogata et al., 1994; PDB code, 1MBE) were superimposed onto those of R2.
The axes of helix 1 and 3 were determined in detail, following the algorithm of Barlow and Thornton (1988) , for the 25 NMR complex structures (Ogata et al., 1994; PDB code, 1MSF) , and the 50 free structures of both R2 (Ogata et al., 1995; 1MBH) and R3 (Ogata et al., 1995; 1MBK) . Then, the angles and the deviations between the helix axes as the vectors were calculated. Consequently, in the free form, the angles in R2 and R3 were 94.7°Ϯ2.0°and 98.7°Ϯ2.8°, respectively. In the complex form, they were 89.9°Ϯ4.9°and 97.5°Ϯ3.2°, respectively. The angle in R3 is remarkably larger than that in R2, irrespective of DNA-binding. It is interesting that the angles in R3 are almost the same in both the free and the MBS-I complex structures. In contrast, the angle in R2 significantly decreased with DNA-binding. Therefore, in the DNA complex structure, the angle between the helix axes in R2 is 8 degrees less than that in R3. This difference could be accompanied by the local conformational change of Trp95 in R2, which could correspond to the changes in the far-and near-UV CD spectra in the mutant proteins.
Thus, the precise correlation of helix 1 and recognition helix 3 characterizes repeat R2 in specific DNA recognition, and the two residues, Val103 and 107, within the hydrophobic core play an essential role in its formation, although they are located on helix 1, far from the direct interface with the DNA (Figure 6 ).
The results of the group E mutations also confirmed the current finding of the importance of residues 103 and 107. When helix 1 is mostly made up of the sequence in R3, Val at position 107 is more effective for DNA-binding than Val at position 103. In contrast, when helix 1 in R2 is mostly composed of the sequence in the original R2, Val103 is more effective than Val107. This difference should be caused by the different contribution from the environment of residue 107. Therefore, the group E mutants, from R2(nh 1c T 12 h 2 t 23 h 3 )R3 to R2(nh 1h t 12 h 2 t 23 h 3 )R3, were constructed and the affinities were measured. As indicated in Table I , the more amino acid residues were changed to the corresponding residues in R3, the more weakly the mutant proteins bind the MBS-I. However, no significant cooperativity was observed between His107 and any particular residue in its neighborhood. These results indicate that the importance of Val107 in the group E mutants would be influenced by most of the surrounding residues additively, not by only one or a few residues.
Although the simple fusion engineering was not successful, it was possible to engineer an R2R3 to be as similar to the complete R3 tandem as possible, revealing Val103 and Val107 in R2 are required for specific DNA-binding. In the mutant protein, R2(NH 1g t 12 H 2 t 23 h 3 )R3, only the residues Val103, Val107 and recognition helix 3 with the two short turns originate from the R2 sequence, while all the other residues are those of R3. This mutant protein specifically binds to the MBS-I sequence, with a K d value of 24 nM, while it binds to the [G8A]MBS-I only weakly, with a K d value larger than micromolar.
In conclusion, from the combination of mutational analyses with filter binding assays, we have determined the two essential residues in R2 that are characteristic of the R2 fold, and are required for specific DNA-binding in addition to recognition helix 3. These residues are involved in the interdigitation between helix 1 and 3 in the hydrophobic core of R2, form the correct helix 1 structure, and characterize the packing of the R2 fold, which is slightly different from that of R3, but meaningful for the biological function.
